Abstract: Biofilms are polymicrobial communities that grow on surfaces in nature. Oral bacteria can spontaneously form biofilms on the surface of teeth, which may compromise the health of the teeth, or their surrounding (periodontal) tissues. While the oral bacteria exhibit high tropism for their specialized ecological niche, it is not clear if bacteria that are not part of the normal oral microbiota can efficiently colonize and grow within oral biofilms. By using an in vitro "supragingival" biofilm model of six oral species, this study aimed to investigate if three individual bacterial species that are not part of the normal oral microbiota (Eschericia coli, Staphylococcus aureus, Enterococcus faecails) and one not previously tested oral species (Aggregatibacter actinomycetemcomitans) can be incorporated into this established supragingival biofilm model. Staphylococcus aureus and A. actinomycetemcomitans were able to grow efficiently in the biofilm, without disrupting the growth of the remaining species. They localized in sparse small aggregates within the biofilm mass. Enterococcus faecalis and E. coli were both able to populate the biofilm at high numbers, and suppressed the growth of A. oris and S. mutants. Enterococcus faecalis was arranged in a chain-like conformation, whereas E. coli was densely and evenly spread throughout the biofilm mass. In conclusion, it is possible for selected species that are not part of the normal oral microbiota to be introduced into an oral biofilm, under the given experimental micro-environmental conditions. Moreover, the equilibrated incorporation of A. actinomycetemcomitans and S. aureus in this oral biofilm model could be a useful tool in the study of aggressive periodontitis and peri-implantitis, in which these organisms are involved, respectively. They localized in sparse small aggregates within the biofilm mass. Enterococcus faecalis and E. coli were both able to populate the biofilm at high numbers, and suppressed the growth of A. oris and S. mutants. Enterococcus faecalis was arranged in a chain-like conformation, whereas E. coli was densely and evenly spread throughout the biofilm mass. In conclusion, it is possible for selected species that are not part of the normal oral microbiota to be introduced into an oral biofilm, under the given experimental micro-environmental conditions. Moreover, the equilibrated incorporation of A. actinomycetemcomitans and S. aureus in this oral biofilm model could be a useful tool in the study of aggressive periodontitis and peri-implantitis, in which these organisms are involved, respectively.
Introduction
Oral bacteria tend to form complex biofilm communities on the tooth surfaces. An oral biofilm is a polymicrobial consortium of numerous bacterial species, embedded in a polymeric matrix that derives either from their own metabolic products or from components of the host trapped into it, such as salivary glycoproteins 1 . Depending on the location of the biofilm in relation to the free gingival margin, a biofilm can be supragingival or subgingival. A supragingival biofilm is one that grows on the surface of the tooth enamel above the gingival margin. A subgingival biofilm grows below the gingival margin and into the periodontal pocket, which is a pathological feature of periodontal disease. The special micro-ecological conditions that prevail in each of these niches will favour the colonization and growth of species most adapted to the established conditions 1, 2 . For instance, a supragingival biofilm consists of aerobic or facultative anaerobic species, whereas a subgingival biofilm is predominated by anaerobic species, as it grows in an oxygen-restricted environment. Biofilm formation is initiated on a pellicle of salivary proteins that coats the surface of the tooth, which is initially occupied by early colonizing species, such as Streptococcus sp. and Actinomyces sp. 3 .
The oral microbiome has a huge diversity spanning to more than 700 microbial taxa 4, 5 , which can account for more than 10,000 phylotypes 6 . Despite this enormous diversity, the oral microbiome exhibits a strong tropism. In other terms, the microorganisms that colonize the oral cavity (also characterized as "resident oral 4 microbiota") have co-evolved with the host, and are highly specialized and adapted to survive in a specific ecological niche 7 . Therefore, due to this ecological adaptation, it may be difficult for bacteria that are not typical colonizers of the oral cavity to survive and constitute part of the oral microbiota. However, there is little experimental evidence demonstrating whether species that are not part of the normal oral microbiota can be successfully incorporated into an oral biofilm, under given experimental conditions that favour the formation of oral biofilms.
The hypothesis of this in vitro experimental study is that microorganisms that are not typically found as part of the normal oral microbiota may not be able to colonize and grow within an oral biofilm, during the course of its formation.
Therefore, the aim of this study was to investigate if three different bacterial species that are not part of the normal oral microbiota (Eschericia coli, Staphylococcus aureus, and Enterococcus faecalis) can be incorporated into an established in vitro six-species "supragingival" biofilm model [8] [9] [10] [11] [12] , also known as the "Zürich" biofilm model. Aggregatibacter actinomycetemcomitans, an oral species that has not been tested in this model before has been used as a positive control.
Results
The in vitro model used in this study consisted of six different oral species characteristic of the supragingival microbiota, co-cultured for 64 h in order to form a biofilm. During the initiation of biofilm formation, four individual bacterial species were newly introduced into this model, in order to evaluate if they are able to incorporate into the biofilm mass. When the total bacterial CFUs were counted, it was found that there were no differences between biofilm groups, irrespective of which additional bacterial species was introduced to the standard 6-speices model. The incorporation of each newly introduced species was thereafter evaluated, as well as the quantitative differences in CFU that this might cause to the "standard" six microorganisms in this in vitro model.
Starting with A. actinomycetemcomitans, this was found to be incorporated into the biofilm structure after 64 h, and was detected at CFU levels of 5-log. Notably, the quantitative composition of the other six species of the biofilm was not affected by the addition of A. actinomycetemcomitans, compared to the control group, with the exception of C. albicans, which was increased. Hence this oral species was successfully incorporated into the supragingival biofilm, without affecting the quantitative bacterial composition of the biofilm.
Enterococcus faecalis was also able to colonize the biofilm, at rather high levels of 7-log to 8-log. This high presence of E. faecalis did not affect the numerical levels of V. dispar, F. nucleatum, S. oralis, but increased that of C. albicans, compared to the six-species control group. Remarkably however, it caused a reduction of A. oris numbers below the detection levels, and S. mutants close to the lowest detection limits (Figure 1 ).
A similar trend to that of E. faecalis was observed by the addition of E. coli into the biofilm. This species was able to establish into the biofilm at 8-log levels and simultaneously caused a significant reduction in the numbers of S. mutans, A. oris and V. dispar, while it increased slightly the numbers of C. albicans.
Finally, S. aureus was also incorporated into the biofilm, with CFU levels of 4-log to 5-log. This was the lowest incorporation level compared to any of the other newly-introduced species. None of the remaining six species was quantitatively affected by the presence of S. aureus in the biofilm.
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The structural arrangement of the newly introduced species within the biofilm was also considered. For this, CLSM was used in combination with DNA-specific staining (green) and FISH-staining with species-specific 16S rRNA oligonucleotide probes (red), for each individual species tested ( Figure 2 ). Aggregatibacter actinomycetecmomitans appeared to localize within small secluded cell clusters of its own species, through the biofilm mass ( Figure 2B ). A comparable pattern of small aggregates within the biofilm was also observable in the case of S. aureus ( Figure 2C ).
In the case of E. faecalis, this species did not form distinctive clusters within the biofilm, but it was arranged in a chain-like pattern of single bacterial cells ( Figure 2D ).
However, the most striking observation, however, was that after the addition of E. coli.
This species was massively distributed throughout the whole mass of the biofilm and scattered among the other species present ( Figure 2E ).
Discussion
In the present study, four different bacterial species were individually introduced into a well-established six-species supragingival biofilm. One of them, namely A.
actinomycetecomitans, comprises part of the normal oral microbiota. After 64 h of biofilm growth, this species was detectable at levels comparable to those of the other oral species, and did not affect their quantitative composition. As a facultative anaerobe, A. actinomycetemcomitans can be part of supragingival biofims in clinical samples 13 . In a recent study A. actinomycetemcomitans has been successfully grown as part of a four species biofilm, including also Streptococcus gordonii, F. nucleatum
and Porphyromonas gingivalis 14 , or a six species biofilm, including also S. oralis, A.
naeslundii, V. parvula, F. nucleatum, and P. gingivalis 15 . Therefore, the successful and homogenous incorporation of A. actinomycetemcomitans in the present in vitro 7 biofilm model could be expected. This revised variant of the supragingival biofilm that includes A. actinomycetemcomitans could be further implemented, for instance in research questions pertinent to localized aggressive periodontitis, an entity of periodontal disease in which this species is highly prevalent 16 . It should also be noted that the oral buccal epithelium may serve as a reservoir for A. actinomycetemcomitans, which can be translocated from the epithelium to hard surfaces, but not the other way around 17 .
The other three species tested in this model are not major constituents of the oral microbiota. Therefore, it was of interest to evaluate whether they can be incorporated into an oral biofilm during a standard period of growth. Enterococcus faecalis is not readily detected as part of the oral microbiota, and its prevalence in all intraoral microenvironments is reported to range from 3.5% to 13.5% 18 . However, in light of studies using metagenomic approaches, there is moderate evidence to support E. faecalis as a candidate periodontal pathogen, with a potential geographic specificity 19 . Moreover, it is frequently isolated from the root canal system of teeth with failed endodontic treatments 20, 21 . In the present experimental model, E. faecalis was successfully incorporated into the biofilm and, interestingly, caused a significant reduction in the numbers of A. oris and S. mutans. This indicates a spatial or nutritional competition between these two early colonizers and E. faecalis. This may be in line with recent studies demonstrating that E. faecalis dominates numerically over S. mutans in dual-species biofilms 22, 23 . Another study also demonstrated that
Enterococcus faecium was able to inhibit biofilm formation by oral streptococci, including S. mutans 24 . It is of interest that E. faecalis was distributed in a chain-like, rather than cluster-like pattern, within the supragingival biofilm. This chain-like pattern resembles that acquired by Prevotella intermedia in a subgingival biofilm 8 model, once streptococci and A. oris are excluded from its composition 25 . As oral streptococci tend to form long filamentous structures, which are important for multicellularity 26 , their reduction in a biofilm may necessitate that other species compensate for their structural conformation. The survival of E. faecalis into this oral biofilm model shows that it is possible to co-exist among oral species, and justifies its occasional presence in the root-canal system of endodontically-involved teeth. It is also noteworthy that E. faecalis is detected with high prevalence in biofilms of HIVinfected patients with necrotizing or chronic periodontal diseases 27, 28 , denoting the opportunistic nature of this pathogen under immunocompromised conditions.
A successful colonization of the biofilm was also evident in the case of S.
aureus. Its incorporation was at relatively low numbers, did not affect the quantitative composition of the other species, and was regularly distributed in small clusters of its own species within the biofilm. Although the oral cavity is not its typical habitat, S.
aureus has occasionally been isolated from dental plaque [29] [30] [31] , particularly of patients with respiratory infection 32 . The present findings indicate that, given the appropriate micro-environmental conditions, S. aureus can indeed constitute part of a supragingival biofilm microbiota. This is particularly important, as there is growing evidence of an association between S. aureus and peri-implantitis, an emerging oral infection 33 .
The capacity of E. coli to colonize and grow in this supragingival biofilm model was also evaluated. Under the present experimental conditions, E. coli growth was exacerbated, and was detectable in a perfuse pattern throughout the biofilm mass.
These in vitro results were striking, as there has only been circumstantial clinical evidence documenting the presence of E. coli in dental plaque. Nevertheless, a very recent systematic meta-analysis of studies using metagenomic approaches indicates that E. coli can be detected in subgingival plaque of periodontitis patients 19 . The dominance of E. coli in the present model shows that, given the appropriate nutritional and environmental conditions, it has the capacity to survive and even dominate among oral species, in a polymicrobial biofilm. In the in vivo situation, the host immune defences may control and prevent its routine colonization of oral sites. This is further supported by its increased prevalence in supragingival dental plaque of elderly institutionalized patients 34 .
In conclusion, E. faecalis and E. coli may successfully colonize and grow in a biofilm consisting of supragingival species. They also exert antagonistic interactions upon S. mutans or A. oris. While the study proves that it is possible for bacterial species that are not part of the normal oral microbiota to be incorporated into an oral biofilm model, additional (potentially host-related) factors may account for their absence, or infrequent presence, in dental plaque in vivo. The study also documents that A. actinomycetemcomitans and S. aureus can be part of a supragingival biofilm, without affecting the composition of the remaining bacterial species. Hence, they can be adjunctively used in this model, for the study of questions related to the etiology of aggressive periodontitis and peri-implantitis, respectively. Finally, one should consider that only single strains of each bacterial species were used in this experimental system. This may pose a limitation in the interpretation of the results since there can be great genetic variation at the strain level, even for the same species.
Materials and Methods

Formation of "supragingival" biofilm in vitro
The in vitro biofilm model used in this study consisted of six microorganisms that can be typically found as part of the supragingival microbiota, and has been described earlier 35 . biofilms were pulse-fed by transferring the discs for 45 min into medium containing 30% saliva and 70% mFUM with 0.15% glucose and 0.15% sucrose. They were washed again as described above and re-incubated in saliva. Fresh saliva was provided after 16 h and 40 h. After 64 h the biofilms were dip-washed again prior to harvesting for culture analyses or processing for fluorescence in situ hybridization (FISH) staining and confocal laser scanning microscopy (CLSM) analyses, as described below.
Quantitative determination of the biofilm species
After 64 h of biofilm growth, the hydroxyapatite discs were vortexed vigorously for 1 minute in 1 ml of 0.9% NaCl and then sonicated at 25W in a Sonifier B-12 (Branson Sonic Power Company) for 5 sec, to harvest the adherent biofilms. The resulting bacterial suspensions were serially diluted in 0.9% NaCl. Of each serial dilution, 50 µl aliquots were plated on agar plates supplemented with 5% whole human blood to estimate total colony-forming units (CFUs). To determine the species-specific bacterial numbers, six different selective agars were used to determine the CFUs for the 6 standard species of the biofilms and the four newly introduced species (Table 1) .
Agar plates were incubated at 37°C for 72 h. Species identification was achieved by observation of colony morphology.
Staining of biofilms
Biofilms were stained by FISH using species-specific Cy3-labelled probes following the protocols described before 37, 38 . Pre-hybridization (15 min, 46 °C) was performed in 500 µl hybridization buffer in the absence of any oligonucleotide probes.
Thereafter, 500 µl of hybridization buffer was used for each biofilm, supplemented with probes at a concentration of 10 ng/µl. The incubation time for the hybridization was at least 3 h at 46 °C in the dark. After the incubation, biofilms were transferred into washing buffer pre-heated to 48 °C and incubated for 20 min at this temperature.
Probe sequences and formamide concentrations used for the hybridizations, as well as the NaCl concentrations of the washing buffers are given in Table 2 . For counterstaining, biofilms were stained using a mixture of 3 µM YoPro 1 iodide (Invitrogen, Y3603) and 15 µM Sytox green (Invitrogen, S7020) (20 min, room temperature, in the dark), following the FISH procedure. After staining, the samples were embedded upside-down on chamber slides in 100 µl of Mowiol 4-88 (Calbiochem-Novabiochem; 475904) 39 .
Confocal laser scanning microscopy (CLSM)
Stained biofilms were examined by CLSM at randomly selected positions using a Leica TCS SP5 microscope (Leica Microsystems) with a x63/1.4 NA oil immersion objective lens, in conjunction with 488-nm laser excitation and 530-nm emission filters for YoPro 1/Sytox, and 561-nm laser excitation and 640-nm emission filters for Cy3. Image acquisition was performed in x8 line average mode. Scans were recombined and processed using Imaris 7.6.5 software (Bitplane), without any qualitative changes to the raw images.
Statistical analyses
Three independent experiments were performed, and within each experiment every group was represented in triplicate biofilm cultures. The statistical significance of the differences in microbial numbers between the control group (standard six species biofilm) and test groups (biofilm with newly introduced species) was evaluated by two-way analysis of variance (ANOVA), corrected by Tukey's multiple comparisons test (significance level P<0.05). Undetectable values were ascribed the lowest detection limit value of the assay to allow for log transformation. The data were analyzed using the Prism version 6, statistical analysis software (GraphPad). (E). Due to FISH staining of biofilms in B-F using Cy3-labelled probes (see Table 1 ), the newly added bacteria appear red. Non-hybridized bacteria appear green due to DNA staining (YoPro 1 + Sytox). The biofilm base in the cross sections is directed towards the top view. Scales = 10 µm. 
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